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Abstract—The paper presents a new active building block 
(ABB) called minus-type voltage gain-controlled third-generation 
current conveyor (VGC-CCIII) in which the voltage gain 
between Y to X terminal can be controlled. The usefulness of the 
tunable feature in the presented ABB is demonstrated in current-
mode {0.3rd; 0.5th; 0.7th; 1st}-order all-pass filter (APF) employing 
single VGC-CCIII, one capacitor, and one resistor. The 
theoretical results of the integer- and fractional-order APF are 
verified by SPICE simulations based on readily available IC 
OPA860 macromodel, which can also be used in experiments. 
Keywords—all-pass filter; current-mode; fractional-order filter; 
voltage gain-controlled third-generation current conveyor 
I. INTRODUCTION 
Although the very first notice about the third-generation 
current conveyor (CCIII) has appeared in the technical 
literature in 1982 [1], its first implementations have been 
presented much later, in 1995 [2], [3]. Since then versatility of 
the CCIII was demonstrated in various applications such as 
current-mode (CM) biquadratic filter design with minimal 
configuration, higher-order immittance function synthesis, 
synthesis of R-L and C-D immittances, actively simulated 
grounded lossy inductors, or first-order all-pass filters (APF) 
[4]-[9]. Later the third-generation controlled conveyor 
(CCCIII) was also introduced for floating resistance 
realization in which the intrinsic resistance of the input X 
terminal can be controlled by DC bias current [10]. For easy 
tunability of the circuit parameters by either voltage or current 
and in order to increase the versatility of conventional active 
building blocks (ABBs), the electronically-tunable second-
generation current conveyor (ECCII) [11], programmable 
current amplifier (PCA) [12], the voltage and current gain 
CCII (VCG-CCII) [13], and the controlled gain current 
inverter differential output buffered amplifier (CG-CIBA) [14] 
were introduced. This work aims to introduce a new tunable 
ABB called minus-type voltage gain-controlled third-
generation current conveyor (VGC-CCIII). The macromodel 
of the readily available IC OPA860 [15] has been used for the 
implementation of VGC-CCIII in which the variable voltage 
gain h between Y and X terminals can be set by ratio of two 
grounded resistors. The usefulness of the introduced VGC-
CCIII is demonstrated on tunable CM APF of orders 
  {0.3; 0.5; 0.7; 1}. Numerous SPICE simulation results are 
included to support the theory. 
II. CIRCUIT DESCRIPTION 
A. Minus-Type Voltage Gain-Controlled Third-Generation 
Current Conveyor (VGC-CCIII) 
The minus-type voltage gain-controlled third-generation 
current conveyor (VGC-CCIII) is a three-terminal device and 
its circuit symbol is shown in Fig. 1. Compared to the 
conventional CCIII its voltage transfer from Y to X terminal 
can be tuned by means of the voltage gain h. The relations 
between the individual terminals of the VGC-CCIII can be 
described by the following equations: 
 , ,Y X X Y Z Xi i v h v i i         
where  = 1 − εi, β = 1 − εv, and  = 1 − εj. Here, εi, εj 
(|εi|, |εj| « 1) denote current tracking errors and εv (|εv| « 1) 
denotes voltage tracking error of VGC-CCIII, respectively, 
and the h represents the voltage gain. 
For the purpose of simulations, CMOS or BJT transistor 
internal implementation of active elements is commonly used 
[2]-[8]. However, in these internal implementations the 
transistor models' level are not clearly specified. Hence, the 
evaluation of the real behavior of the analyzed functional 
block is not fully credible. For this reason, more often the 
simulations are done using readily available active elements 
that are suitably interconnected. Here, we can mention the 
OPA860 [15] that contains the so-called ‘diamond’ transistor 
(DT) and fast voltage buffer (VB), and that was used e.g. in 
[16] to design the conventional CCIII. In Figs. 2(a) and (b) the 
schematic symbols of DT and VB including the main parasitic 
elements are shown. According [15] these parasitics can be 
evaluated as: Rb = 455 k Cb = 2.1 pF, Rc = 54 k Cc = 2 pF, 
Re = 10.5 RVBi = 1 M CVBi = 2.1 pF, and RVBo = 1  














Fig. 1. Circuit symbol of VGC-CCIII. 
This article is based upon work from COST Action CA15225, a network 
supported by COST (European Cooperation in Science and Technology). 
Research described in this paper was financed by the National Sustainability 
Program under grant LO1401 and by the Czech Science Foundation under 
grant no. 16-11460Y. For the research, infrastructure of the SIX Center was 
used. 
 
 (a) (b) 
 
(c) 
Fig. 2. (a) ‘Diamond’ transistor (DT), (b) voltage buffer (VB) including main 
parasitics, (c) VGC-CCIII implementation by OPA860 ICs.  
VGC-CCIII is given in Fig. 2(c), where only the external 
resistors setting the voltage gain h are given without showing 
the parasitics of its sub-circuits. The variable voltage gain h 
between Y and X terminals can be set by ratio of the grounded 
resistors Rh and R3, where the ideal voltage gain is hid = Rh/R3. 
However, taking into account parasitic resistances of DT3 and 
VB at nodes ① and ②, i.e. Re, which appears in series with R3 
and resistances Rc, RVBi that appears in parallel with Rh, the 
voltage gain h converts to h = Rh || Rc || RVBi/(R3 + Re). 
Moreover note that the current transfer between X and Z 
terminals is theoretically unity under condition R1 = R2.  
B. Integer-Order All-Pass Filter Design 
The usefulness of the introduced ABB is demonstrated on 
tunable CM first-(integer)-order APF adopted from [8], where 
this circuit uses conventional CCIII. First-order APF is often 
used in analog signal processing in order to shift the phase of 
an electrical signal between 180° (at ω = 0) to 0° (at ω = ) 
and 0° (at ω = 0) to –180° (at ω = ) while keeping the 
amplitude constant [8], [9], [17], [18]. The tunable CM APF 
using canonic number of passive and active elements is shown 
in Fig. 3 [8]. Considering the ideal VGC-CCIII (i.e. γ, β, and 
 being unity), routine analysis yields current transfer function 
(TF) and the phase of the filter in following form: 
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Fig. 3. Tunable current-mode all-pass filter adopted from [8]. 
From Eq. (2a) the zero (ωz) and pole (ωp) frequencies can 
be expressed as ωz = ωp = h/CR, while from Eq. (2b) it can be 
seen that the AFP provides phase shifting between 0° to  
–180°. Taking into account the non-ideal current and voltage 

















and the non-ideal phase response from Eq. (3) is given as: 
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From Eqs. (3) and (4) it can be seen that the non-idealities 
of the VGC-CCIII slightly affect the magnitude and phase 
responses of the filter. Consequently, the non-ideal ω'z and ω'p 
frequencies of the filter can be found as ω'z = h/CR, 
ω'p = h/CR, and the active and passive sensitivities of both 
ω'z and ω'p are given as , , , , , , 1
p pz z
h C R h C RS S S S
  
   
         
from which it is evident that all sensitivities of active 
parameters and passive components for both ω'z and ω'p are 
unity in relative amplitude. Hence, the proposed filter shows 
low sensitivity performance. 
C. Fractional-Order All-Pass Filter Design 
Recently, the fractional-(non-integer)-order continuous-
time systems were labeled as the systems of 21st century due 
to the interdisciplinary nature of fractional calculus [19]. 
During the last two decades the application areas of fractional 
calculus such as modeling of biological tissues, control, 
electrochemistry, electromagnetism, diffusion theory, and/or 
internet traffic have significantly increased [19]. Fractional-
order capacitors with pseudo-capacitance C (0 <  <1) of 
impedance ZC(s) = 1/Cs
 are important components for 
realizing fractional-order circuits [20]. Hence, considering the 
proposed APF with replacement of capacitor C of  = 1 with 
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Now, to evaluate the magnitude, phase, and subsequently 
pole frequency responses, the s is replaced by 
[cos(/2) +  jsin(/2)] [22]. Hence, the corresponding 
expressions are: 
 
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in which the zero frequency expression is: 
    
2
cos 2 cos 2 1z h C R   
   
  
. (7) 
III.  SIMULATION RESULTS 
The performance of the VGC-CCIII was tested using the 
the OPA860 SPICE macromodel. The DC power supply 
voltages were equal to ±5 V. All passive component values 
were selected from E48 (±2%) standard values. The RADJ was 
chosen as 270  (see [15]) and value of resistors Ri (i = 1, 2, 
3) was set 470 . The simulated performance characteristics 
of VGC-CCIII are given in Table I. Simulated voltage gain h 
responses between Y and X terminals are demonstrated in 
Fig. 4. In Fig. 4(a), the resistor Rh has been varied from 120  
to 1470  (h  {0.25  3}). Figure 4(b) demonstrates wide 
tunability range of h  {0.1  9.19} by varying resistor Rh in 
range 50   5 k vs. relative error. Correspondent relative 
error of voltage gain in range of interest is about 3%. Effect 
of resistors R3 vs. Rh on voltage gain h is depicted in Fig. 5. 
A. Verification of Integer-Order All-Pass Filter 
Using the VGC-CCIII implementation from Fig. 2(c) the 
CM APF from Fig. 3 has also been simulated. In integer-order 
APF case, the passive element values were selected as 
C = 240 pF and R = 1.2 k. Hence, a 90° phase shift is at 
pole frequency 500 kHz. Figure 6(a) gives the ideal and 
simulated gain and phase responses showing the tunability of 
the filter. The pole frequency of the circuit was varied for 
fp_sim  {0.128; 0.25; 0.497; 1; 1.449} MHz via voltage gain 
h  {0.25; 0.5; 1; 2; 3}, respectively. Ideal and simulated pole 
frequency tunability in wide range of tuning via h and relative 
error are depicted in Fig. 6(b). 
TABLE I.  MAIN PERFORMANCE PARAMETERS OF THE VGC-CCIII  
(NOTE: # @ h  1; TPD: TOTAL POWER DISSIPATION). 
Parameter Value Parameter Value 
iY/iX gain () 0.961 iZ–/iX f–3 dB 87.81 MHz 
vX/vY gain (h)
# 0.976 CY ‖ RY 4.1 pF ‖ 48.27 k 
iZ–/iX gain () 0.943 RX 10.5  
iY/iX f–3 dB 84.32 MHz CZ– ‖ RZ– 2 pF ‖ 54 k 
vX/vY f–3 dB
# 87.55 MHz TPD 302 mW 
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Fig. 4. (a) AC voltage transfer characteristic of the proposed minus-type 
VGC-CCIII, (b) voltage gain tunability and relative error. 
 
Fig. 5. Effect of resistors R3 vs. Rh on voltage gain h. 
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Fig. 6. Integer-order CM APF: (a) tunability of the magnitude and phase 
responses by voltage gain h, (b) pole frequency tunability and relative 
error. 

Fig. 7. RC tree realization of fractional-order capacitor C. 
TABLE II.  COMPONENT VALUES USED IN FIG. 7 FOR SPICE 
SIMULATIONS OF C = 240 pF @ 500 kHz. 
Values 
 = 0.3  
C0.3 = 8.48 F/s
0.7 
 = 0.5 
C0.5 = 425.39 nF/s
0.5 
 = 0.7 
C0.7 = 21.35 nF/s
0.3 
Rin () 390 147 51 
R1 () 402 332 200 
C1 (pF) 82.5 120 270 
R2 () 422 510 422 
C2 (pF) 470 430 620 
R3 () 681 1100 1400 
C3 (nF) 1.15 0.82 0.82 
R4 (k) 2.87 9.53 33.2 
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(b) 
Fig. 8. Ideal and simulated (a) phase and (b) gain responses vs. frequency of 
CM APF of orders  = 0.3; 0.5; 0.7 @ h = 1. 
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Fig. 9. Time-domain responses of CM APF of orders  = 0.3; 0.5; 0.7. 
B. Verification of Fractional-Order All-Pass Filter 
The performance of the proposed CM APF of orders 
 = 0.3; 0.5; 0.7 was further investigated and compared in 
SPICE software. Foster I RC tree realization from Fig. 7 
approximating the fractional-order capacitor which having the 
same impedance 1.33 k @ 500 kHz has been employed. 
Using the continued fraction expansion method, computed 
component values are given in Table II. Ideal and simulated 
phase and gain responses vs. frequency of the filter @ h = 1 
are depicted in Fig. 8. As it can be seen, the phase shift in all 
cases is 90° and pole frequency is very close to 
fp_theor = 500 kHz. The observed deviations are mainly caused 
by the limitation of the employed 4th-order approximation and 
real behavior of used OPA860 ICs. Time-domain simulation 
results of the filter are shown in Fig. 9 in which a sinusoidal 
input current signal with 3 mA peak value at simulated fp_sim 
was applied to the filter. The total harmonic distortion at these 
frequencies was found to be {1.18%; 0.83%; 0.73%} for 
orders {0.3;0.5;0.7}, respectively. 
IV. CONCLUSION 
The paper presents a new CCIII featuring with variable 
voltage gain, which in the implementation using the OPA860 
ICs the voltage gain h between Y to X terminals can be set by 
the ratio of two grounded resistors. The pole frequency of the 
CM first-order APF is successfully tuned in wide frequency 
range. Moreover, the performance of the CM APF was further 
investigated considering the fractional-orders  = 0.3; 0.5; 0.7. 
SPICE simulations confirmed theoretical assumptions. 
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